Abstract: Photochromic properties of methylacrylate monomers and polymers containing azobenzene groups with heterocyclic sulfonamide functionalities viz sul somidyne (4-amino-N-[2,6-dimethylpyrimidyn-4-yl]benzenesulfonamide) and sulfamethoxazole (4-amino-N-[5-methylisoxazol-3-yl]benzenesulfonamide) substituents were investigated. On illumination with light the azobenzene group underwent trans-cis isomerisation, which was manifested by a drop in the absorbance of the maximum absorption peak at ca. 450 nm and by decrease in refractive index. Quantum chemical calculations showed signi cant di¬erences in UV-VIS spectra, dipole moments, polarizability and refractive index between both cis and trans form of the chromophoric monomers. The illumination of spin-coated polymer lms during ellipsometry measurements resulted in a change in refractive index within the range of 0.014 to 0.025. The dynamics of growth and decay of refractive index changes, was described by biexponential functions approach.
Introduction
Photoresponsive materials are unique since the properties of these materials can be manipulated by light. Incorporating photochromic functionalities, such as azobenzene or other chromophores, into organic systems lead to photoresponsive materials. The chromophores can be covalently linked to the polymer backbone as side-groups or built into the main chain [1] [2] [3] [4] [5] . These photochromic materials are being intensively investigated with hope for their potential application as active materials in information storage devices: optical data storage [6, 7] and holographic applications [8] [9] [10] [11] [12] . The key chemical process involved in this phenomena is the ability of azobenzene functionality to undergo reversible trans-cis (or E-Z) photoisomerisation. Under illumination with visible or UVlight, corresponding to maximum absorption band, the more stable trans form undergoes transformation to the cis form. Thermal relaxation usually causes the reverse transformation from cis to trans form [13, 14] .
Reversible trans-cis isomerization of azobenzene induced by light is well known and has been previously examined in many systems such as in solutions [13] [14] [15] [16] , LangmuirBlodgett¯lms [17] or as spin-coated¯lms [18, 19] . During the photoisomerisation, the changes in absorption spectra of molecule is observed [13] [14] [15] [16] [17] [18] [19] . Besides, trans-cis isomerisation of azobenzene derivatives results in changes in geometrical structure and physicochemical properties of the materials such as dipole moment, dielectric permittivity and refractive index. These changes in the molecular properties and especially that of refractive index modulation are of particular interests for practical applications in various photonic devices [18, 20] . Also, photoinduced birefringence was investigated for many di®erent polymers. The dynamics of the birefringence process and the parameters determining the birefringence, such as glass transition temperature of the polymer, azo group concentration, their bulkiness, polarity and neighbouring groups have been studied and described in numerous papers [4, 10, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] .
The investigation of trans-cis phenomena is not easy because of the problem associated with isolation of the pure cis isomer, which is unstable at room temperature when the measurements are usually carried out.
The aim of our work was to determine di®erences between trans and cis form, and relationship between structure and photochromic properties of methacrylate chromophoric monomers containing azobenzene groups with heterocyclic sulfonamide substituents and, of polymers with these chromophoric groups in side-chain. We used quantum chemical methods to calculate dipole moment, polarizability, potential energy, UV spectrum and changes in refractive index during photoirradiation. We also evaluated the kinetics of refractive index changes under in°uence of light in homopolymer and copolymers containing above-mentioned chromophores. Our aim was to¯nd a coincidence of calculated refractive index changes for monomers with those measured for polymers containing the same chromophore groups.
Two series of methylacrylate monomers were selected for our experiments. The main di®erence in their structures lies in the heterocyclic ring, 2,6-dimethylpyrimidin-4-yl for the IZO-n series and 5-methylisoxazol-3-yl for the MET-n series. The structure of the spacer between the chromophore group and the main chain a®ects the motion of the azobenzene group [10, 20] . In both the homologous series of monomers an increasing length of the aliphatic spacer, X, between the nitrogen atom and the O of the methacryloyl group yields polymers with improved elasticity.
The second important parameter determining the rate and stability of the photoinduced orientation is the glass transition temperature of the polymer¯lm [10] . We in-corporated non-chromophoric co-monomers like butyl-2-methylacrylate and 2-ethylhexyl acrylate to decrease T g of the polymers to achieve better°exibility of the materials when subjected to molecular motion by in°uence of light.
Experimental

Materials
The polymers with azobenzene group built into the side chain were prepared by free radical polymerizations of the corresponding chromophoric monomers (Fig.1) and comonomers. Thus, butyl 2-methacrylate (MB) and 2-ethylhexyl acrylate (AI) were reacted in presence of AIBN as an initiator (Fig.2) . The detailed syntheses of the monomers and polymers are described elsewhere [19] .
Methods
Quantum chemical calculations were carried out at WrocÃ law Supercomputer Centre with an SGI Origin 2000 machine using GAUSSIAN 98 [31] and MSI Cerius2 program.
Ellipsometer EL X-02C of DRE Ellipsomerterbau GmbH (Germany) was used for the determination of¯lm thickness and refractive index changes during illumination. The measurements were carried out using a lineary polarized laser beam of 632 nm and ca. 3 mW power (standard equipment of the ellipsometer). Thin¯lms of the polymers were obtained by dissolving the samples in THF (2-2.5%). The solutions were passed through 0.5 · m syringe¯lters and then spin-coated onto clear glass plates, treated on the reverse side with abrasive sand to avoid re°ection from the lower plane of the plate. Thickness of the polymeric¯lms, measured by ellipsometry, was ca. 300-400 nm. The light source used for sample illumination was white light of ca. 2 mW cm ¡2 power ( ¶ > 400 nm).
3 Results and discussion
Quantum chemical calculation
Quantum chemical methods were applied to determine the di®erences between trans and cis form of the azobenzene monomers (Fig.3) . The¯rst step was an optimisation of the geometrical structures of the isolated molecules of the monomers with GAUSSIAN 98 program using ab initio RHF (restricted Hartree-Fock) options with a split-valence 3-21G basis set. The geometry optimization at the RHF/3-21G level was a compromise between calculation time and accuracy, which is justi¯ed for large molecules such as the monomers being studied. The optimized geometry was used to calculate dipole moment (· ), polarizability (¬ ) and¯rst hyperpolarizability ( 0 ), for both trans and cis form of the monomers, and potential energy di®erence (¢E) between them ( Table 1) .
The materials showed a strong absorption band in the visible region with a maximum at ca. 440 { 460 nm. For investigations of the trans-cis isomerisation of azobenzene derivatives, the dipole moments and polarizabilities (Table 1 ) of the individual isomers of the monomers in their pure forms were calculated, to show changes that take place under illumination. For all compounds we studied the values of dipole moments and polarizabilities were higher for the trans isomer. The di®erence between dipole moment of cis and trans isomers increased with increasing length of aliphatic spacer, X, joining nitrogen atom with methacryloyl functional group. For the monomers MET-1 and IZO-1 this di®erence was the lowest (6.26¤10
¡30 C m for IZO-1). The cis isomer of IZO-2, which has one methylene group more in aliphatic spacer than IZO-1, had dipole moment ca. half that of the trans form. Dipole moment di®erence obtained for IZO-3 monomer was the highest and was 21.37¤10 ¡30 C m. A similar trend was observed in MET-n series. Thus, in both of the homologous series of the monomers, the changes of polarizability and¯rst hyperpolarizability a®ected by trans-cis isomerisation were more pronounced with increasing length of the spacer. Table 1 shows the di®erences in potential energy, ¢E, between the trans and cis forms of the compounds. The values obtained for monomers containing sul¯somidine heterocyclic ring (4-amino-N-[2,6-dimethylpyrimidyn-4-yl]benzenesulfonamide) are lower as compared with monomers of the sulfamethoxazole (4-amino-N-[5-methylisoxazol-3-yl]benzenesulfonamide). ¢E increases with increasing length of the aliphatic spacer in both series of monomers, but for IZO-3 was exceptionally higher at 104.61 kJ/mol. This value seemed to be over estimated but the optimized structure of the monomer and its conformation was a result of Gaussian calculation algorithm. It is possible that the simple option with 3-21g split basis set was not su±cient to get the best optimized structure. In fact, in the case of cis structures the calculation time to reach minimum potential energy was considerably longer that that for trans forms, especially for those monomers that had longer substituents at N atom (dioxyethylene unit, X= c in Fig.1 ). The presence of methyl groups at the pyrimidine ring probably causes the cis structure to be sterically hindered, thus in°uencing its potential energy and ¢E in the IZO-3 series. Additional calculations made using B3LYP/6-31G basis set for IZO-2 and IZO-3 resulted in slightly lower ¢E values, however, they still seemed to be higher than expected for these kinds of isomers.
The values of the energy di®erence between trans and cis isomers for the other series are reasonable and are in the range of the values observed previously for monomers containing nitro group, thiazol-2-yl and pyrimidin-2-yl rings [16] .
Thus, the di®erences in dipole moment, polarizability and¯rst hyperpolarizability were found to depend on the length of spacer rather than on kind of the heterocyclic ring. On one hand the photoinduced changes in material were the highest for compounds with the longest spacers, but on the other hand, the energy required for this transformation was the higher too.
Calculation of the absorption spectra
To calculate the UV-VIS spectra of the compounds we introduced the atomic coordinates optimized by GAUSSIAN 98 into INDO1/S semiempirical program. The singlet state con¯guration interaction (CI) was assumed in the space from HOMO-30 to LUMO+30 that produced 900 con¯gurations. The e®ect of solvent was simulated by self-consistent reaction¯eld (SCRF), using physical data for DMSO; the cavity radius of the solute molecule in the solution was obtained from GAUSSIAN calculations. Twenty electronic states were generated which constitute a set of data: oscillator strength vs. energy of the excited state expressed in terms of frequency (Table 2 ). The¯rst singlet state with oscillator strength f > 0 was found to be a dominant state responsible for º ¡ º * charge transfer process. This data was converted into a regular spectrum by applying a GAUSSIAN envelope.
In Fig.4 the calculated spectra for IZO-1 is shown. The spectra were obtained for the isolated molecule and that in solution for pure trans and cis forms. The calculated spectrum of the IZO-1 cis-form shows a strong absorption band at 379 nm, a second one at 269 nm and a weak band at ca. 500 nm. The band at 269 nm is similar to that of the trans form. The calculated spectrum for the trans form in DMSO shows bands: at 274 nm (analogous to that of isolated molecule at 269 nm) and a second one at 429 nm which may be ascribed to the mentioned above charge transfer process, and therefore it is well shaped.
Comparison between experimental and calculated spectra of the compounds leads to the conclusion that the agreement between measured and calculated spectra is relatively good. ¶ max measured for IZO-1 in DMSO was 440 nm and that calculated was 429 nm. The discrepancies between calculated and determined ¶ max might result from the fact that the calculation of UV-VIS spectra was done, as mentioned earlier, using a semiempirical program yielding 20 electronic states within 900 con¯gurations (HOMO-30 to LUMO+30). These¯gures need to be adjusted individually for each species. Another source for the discrepancies was the assumption of Onsager model for SCRF, which treated a molecule in the solution as a sphere in a cavity of bulk dielectric¯eld. This was an over simpli¯cation for monomers under study. Knowing the shape of the absorption spectra of both trans and cis forms might be helpful for evaluating the degree of isomerisation by comparing the shape of experimental spectrum with that calculated for isomer mixtures as was shown in earlier works [14, 15] . Thus, the decrease in the intensity of the spectrum of the spin-coated¯lm of IZO-1 polymer shown in Fig. 5 occurring during the course of illumination is due to increasing content of the cis form.
Ellipsometry
Ellipsometry is an optical method for measurement of thickness and optical parameters of thin layers [32] . It uses the fact that, in general, the state of polarization is changed upon re°ection on the¯lm surface to elliptically polarized light. Ellipsometric mesure-ment yields two quantities, ¢ and ª, which are sensitive to the optical parameters of the sample. The basic equation of ellipsometry (1) relates both these quantities to the complex re°ectivity coe±cients, R p and R s for p-and s-polarized light, respectively:
where ª determines intensity ratio and ¢ determines the phase di®erence of the re°ected p-and s-polarized light. From these measured values it is possible to calculate the¯lm thickness and complex dielectric function expressed by complex refractive index (2):
Ellipsometry was used to monitor the photoisomerisation process of the methacrylate polymers in Langmuir-Blodgett [33, 34] and spin-coated¯lms [19, 34] . The measured ellipsometric parameters before and after illumination with light showed distinct changes of ¢ and ª, which re°ected changes in refractive index between 0.005 and 0.012 [19, 34] .
The refractive index change, ¢n r , was calculated according to equation:
where n 0 r is the real part of refractive index (eq.2) measured before illumination with light and ¢n photostat: r is the real part of refractive index measured at photostationary state. Ellipsometry allowed us to monitor kinetics of the refractive index modulation during illumination. Fig. 6 shows typical growth and relaxation of refractive index modulation during periodic light illumination of the polymer¯lms. A change in real part of the refractive index, ¢n r , determined at photostationary state was between 0.014 and 0.025. For copolymers IZO-2/20MB and IZO-3/20AI these values were 0.025 and 0.021, respectively. The homopolymer having the same chromophoric group had refractive index change, ¢n r = 0.014, which was lower than that of the copolymers. This suggests that refractive index modulation was more enhanced in copolymers than in homopolymers, probably caused by a greater degree of freedom of movement associated with the chromophoric group in copolymers during the isomerisation cycle. This phenomenon was also observed in a previous investigation of the trans-cis isomerisation by UV-VIS spectroscopy [19] .
Natansohn et. al. [35] have proposed a biexponential kinetic process in their azobenzene systems.We have also found that the biexponential functions describes the dynamics of growth and decay of refractive index changes su±ciently well in our polymers. The biexponential functions are:
for photoinducing and:
for the relaxation process in the absence of illumination. In equations (4) and (5) ¢n r is the change of real part of refractive index observed at time t; k a; k b; k c and k d represent the rate constants with the amplitudes of A, B, C and D respectively. E is the fraction of refractive index modulation conserved for a long time. All values of the constants are placed in Table 3 . The rate constants of the fast growth process and stability of the photoinduced refractive index changes (E) depend on the nature of chromophoric side group as well as on the kind of the co-monomer (buthyl 2-methacrylate and 2-ethylhexyl acrylate) used. These biexponential functions describe both processes quite well as shown in¯gures Fig.7a (for growth) and Fig.7b (for decay) . The illumination of chromophoric¯lm causes trans-cis isomerisation around diazo group followed by reorientation of the substituents in the polymer side chain, and a subsequent movement within the material until an equilibrium state is reached. Both processes contribute to change in refractive index of the material. If illumination is done by linearly polarized laser light the chromophores can form cis-rich domains in bright places and trans-rich domains in dark places leading to a di®raction grating. In this work unpolarized white light was used as an illumination source incident normal to the¯lm surface. Such an arrangement causes material movement towards depth of the polymer lm more probable thereby forming a gradient of isomerisation degree with the material depth than in sidewise direction. This is because the¯lm absorbs light and its intensity is weakened with¯lm thickness. The refractive index for this study was calculated as that of the substrate and it might be referred to the top¯lm layer.
Bi-exponential function (4) makes it possible to ascribe the¯rst term of the equation to the trans-cis isomerisation, which as promoted by light action is a relatively fast process, and the second term to the material equilibration. The rate constants k a and k b determine the rate of trans-cis isomerisation and the rate of material reorientation, respectively. The data in Table 3 shows that the¯rst process is considerably faster than the second one and the values of k a are higher by one or more order of magnitude than corresponding values of k b . The constants A and B bear contribution to ¢n r of the isomerisation and reorientation stage, respectively, at photostationary state. Comparing these two values leads to the conclusion that the second stage is quantitatively of less importance but still could contribute to about 20 %. The di®erence between homopolymers and copolymers is expressed as a smaller amplitude in the refractive index changes of the former. A co-monomer acts as a chemically bonded plasticizer providing additional intermolecular space for material movement. The extent of importance of softening of the material structure is seen when the isomerisation cycle is repeated, as shown in Fig.  5 . The memory of the¯rst cycle causes the second cycle to run faster, and principally, only the¯rst part of the equation (4) is needed to obtain a reasonable regression curve (IZO-2/20MB, Table 3 ), making the second stage of the process insigni¯cant.
The meaning of the constants C and D in equation (5) results from reverse cis-trans re-isomerisation and material reorientation which follows as a consequence of thermal relaxation, whereby k c and k d are rate constants governing the abovementioned reverse processes. The constant E is a residual value at the end of the measurement. It may be ascribed to that long-time process in the sample, which leads to re-formation of the initial structure of the material, like the one before illumination. To get the initial values of the refractive indices of the samples further storage at room temperature for ca. 24 hrs was necessary.
The values of k c are considerably higher than k d indicating that in a spontaneous relaxation process the stage of cis-trans re-isomerisation is faster than that of material reorientation and the latter becomes the rate limiting step. Using light with proper spectral characteristics might be helpful in accelerating the recovery process.
Calculation of refractive index changes
We calculated the refractive indices utilizing two di®erent models. Both of them relate the index of refraction to the polarizability of the molecule. In the¯rst model we used the transformed Lorentz-Lorenz equation (Equation 6) [36, 37, 38] :
This is the optical analog of the Clausius-Mossotti equation [36] , which relates the low-frequency dielectric function to polarizability. The Lorentz { Lorenz relation may be approximated to the Lorenz form [36, 37] as shown in equation 7:
where N is average number of molecules per unit volume and ¬ (!) is the mean polarizability of the isolated molecule and is equal to 1 = 3 (¬ xx + ¬ yy + ¬ zz ). The volume occupied by isolated molecule was calculated using Cerius2 program.
The values of refraction indices (Table 4 ) calculated according to equations (6) and (7) are lower than the values measured by ellipsometer for the polymers containing the same chromophoric groups. However, the values of change in refractive index between trans and cis forms are what caught our attention. It was found, that values of ¢n r calculated from equation (7) were quite well approximated to the values ¢n r measured by ellipsometer (Table 3) . For example, in case of the monomer IZO-2, the calculated value of ¢n r was 0.025, but for the homopolymer it was 0.014 and for copolymers it was found to be 0.021 for 2-ethylhexyl acrylate (AI) and 0.020 for buthyl 2-methacrylate (MB). The measured values of ¢n r are lower, but it is necessary to mention that because the isomerisation is a reversible process, not all trans groups undergo isomerisation during illumination. The observation based on isomerisation in solution indicated that the yield of the cis isomer was not more than 60 % [16] , so the fact that the calculated values of ¢n r for pure isomers were higher seems to be justi¯ed. It is important to realize that even small changes in refractive index makes a material very promising in optical data storage.
The equation (7) yielded considerably lower values of refractive indices than those obtained by measurement. It was not unexpected as this relation treated the molecule as an isolated system hence, neglecting any speci¯c molecular interactions. In equation (6) the Lorentz correction for local¯eld factor was taken into account and this clearly resulted in n values closer to those obtained by measurement [33] . By using equation (6) we obtained higher values of ¢n which is a di®erence between refractive indices of trans and cis forms of the monomers. Nevertheless, in conclusion one may say that quantum chemical calculation of the polarizability of the organic compounds appearing in form of unstable isomers can be a tool for prediction of their refractive indices.
Conclusions
The methacrylate monomers and polymers containing azobenzene with sulfonamide substituents undergo a reversible trans-cis isomerisation during illumination with light corresponding to their maximum absorption band. This photoinduced transformation results in change of physicochemical properties of materials that are interesting for practical applications in reversible optical storage. Quantum chemical calculations made it possible to determine the UV-VIS spectral and refractive index properties of pure cis isomer. The observed decrease of refractive indices of polymers during illumination was in fair agreement with the values calculated for the monomers. The refractive index modulation, ¢n r , measured by ellipsometry was in the range of ca. 0.013 { 0.025. Biexponential functions well described the kinetics of refractive index change in these polymers. The rate constants of the growth process ascribed to isomerisation and material reorientation indicated that the¯rst stage is signi¯cantly faster and its contribution to ¢n r is predominant. The presence of non-chromophoric monomer in copolymer is advantageous in increasing the amplitude of refractive index change. All these features make the polymers we described potentially attractive for use in optically active materials for information storage devices. 
